ABSTRACT A sensitive and general technique has been devised for the dual purposes of cloning genes by using antibodies as probes and isolating unknown proteins encoded by cloned DNA. The method uses an expression vector, Agtll (lacS ninS cd857 S100), that permits insertion of foreign DNA into the P-galactosidase structural gene lacZ and promotes synthesis of hybrid proteins. Efficient screening of antigen-producing clones in Agtll recombinant cDNA libraries is achieved through lysogeny of the phage library in hflA (high-frequency lysogeny) mutant cells of Escherichia coli; lysogens produce detectable quantities of antigen on induction, even when plated at high cell densities. The vector is also designed to facilitate the isolation of proteins specified by previously cloned gene sequences. Hybrid proteins encoded by recombinant phage accumulate in strains defective in protein degradation (ion mutants) in amounts amenable to large-scale purification. Antibodies produced against the portion of the hybrid encoded by foreign DNA could in turn be used to isolate the native polypeptide from eukaryotic cells.
The isolation of protein-encoding genes from large recombinant DNA libraries can be achieved, in principle, by using antibodies to detect antigen produced by specific recombinants. Various methods have been developed to detect antigens produced by individual bacterial colonies or phage plaques (1-7); some of these have been used to identify limited numbers of individual colonies that express foreign DNA inserted in plasmid vectors (5) (6) (7) . This report details the development of a A vector and a method that allow the construction of cDNA libraries of 105-107 recombinants from which individual antigen-producing clones can be isolated efficiently.
A useful recombinant expression vector should have properties that permit the construction and maintenance of large cDNA libraries. The recombinant should be propagated in its host cell as a single-copy genomic insert to enhance its stability and to facilitate repression of foreign genetic information. The expression vector should also respond to induction with a rapid increase in copy number and high-level transcription of the foreign DNA. Because the ability to detect antigen will depend on its stability, the expression vector and its host should include features that minimize the degradation of the foreign eukaryotic protein.
These properties occur in the phage expression vector Agtl1. The general ability of A lysogens to produce large quantities of phage products on induction has been exploited in Agtll to enhance the sensitivity and efficiency ofantigen screening. The construction of a library of recombinant DNA-containing lysogens with Agtll permits the growth, induction, and lysis of antigen-producing cells directly on nitrocellulose filters.
Because bacteria rapidly degrade most unusual polypeptides (8) (9) (10) , eukaryotic proteins, and especially portions thereof, are potentially unstable in prokaryotic cells. Fusion of the eukaryotic moiety with all but a small portion of the prokaryotic protein ,fgalactosidase, encoded by Agtll, has been shown to enhance the stability of a somatostatin hybrid protein (11) . The use of host cells defective in protein degradation pathways (12) may also increase the lifetime of novel proteins produced from the induced Agtl Ilysogens.
In summary, a method is presented for the isolation of gene sequences by using antibody probes. A A phage expression vector, Agtll, has been constructed whose properties permit insertion of foreign DNA to produce a recombinant DNA library, high-frequency lysogeny in particular Escherichia coli strains, induced synthesis of P3-galactosidase fused to protein specified by the foreign DNA, and reproducible detection of antigen in populations of up to 106 lysogens per 82-mm nitrocellulose filter. Other features and potential uses of the vector are described.
MATERIALS AND METHODS
Enzymes. T4 DNA ligase and E. coli DNA polymerase I were gifts of S. Scherer (California Institute of Technology). DNA restriction endonucleases were from New England BioLabs.
Bacterial Strains. Strains are listed in Table 1 . BNN98 results from spontaneous loss of the F' episome in BNN94. BNN100, BNN101, BNN102, and BNN103 were constructed by P1 transduction of the relevant alleles (hflAl50 from BNN92, supF from BNN99) into BNN93, BNN96, or BNN98. The medium used was LB (pH 7.5), unless otherwise specified. All media and strain construction were as described by Miller (13) . A phage were from our collection and have been described by Williams and Blattner (14) .
Construction of Agtll (lac5 nin5 cd857 S100). Agtll is essentially a derivative of Agt7-lac5 (b522 nin5) and Agt4 (cI857 S100 nin5). To construct this phage, Agt7-lac5 and A540 (AB immnl nin5) were cleaved with HindIII and the fragments were pooled and then ligated with T4 DNA ligase. The desired phage recombinant produced turbid (imm2l) blue (lac5) plaques when the DNA was transfected into E. coli BNN93 and cells were plated on medium containing the chromogenic indicator 5-bromo4-chloro-3-indolyl 13-D-galactoside (X-Gal). The Agt7-lac5-A540 hybrid was then crossed with Agt4 (cI857 S100 nin5) and recombinants, grown at 420C, were scored for the formation of clear (cI857) blue plaques on X-Gal plates. The presence of the amber mutation S100 was confirmed by examining relative plating efficiency on hosts that contained or lacked the amber suppressor supF (BNN45 or BNN93, respectively). Finally, the lac5 c1857 S100 phage were mapped for EcoRI cleavage sites. Agtll contained a single EcoRI cleavage site and was mapped in detail with other enzymes (see Fig. 1 ). Preparation of Lysates from Induced Recombinant Lysogens. Lysogens were grown at 320C to a cell density of 2 x 108, incubated at 420C for 15 min, and then well aerated by shaking at 380C for 2 hr. (Induced lysogens containing some recombinants will lyse after 2 hr at 380C, presumably because of the detrimental effects of the high levels of some hybrid proteins.) Cells were pelleted, quickly suspended in gel sample buffer (50 mM Tris HCI, pH 6.8/1.5% NaDodSO4/50 mM dithiothreitol/ 4 M urea) at 3% the original volume, and mixed well by passaging several times through a 21-gauge needle. The solution was then heated to 700C for 2 min and insoluble material was removed by centrifugation for 3 min in a Microfuge.
RESULTS
The expression vector Agtll (lac5 nin5 c1857 S100) has been constructed (Fig. 1) . The site used for insertion offoreign DNA is a unique EcoRI cleavage site located within lacZ, 53 base pairs upstream of the 0-galactosidase termination codon (15, 16) .
Phage containing inserts generate an inactive 13-galactosidase fusion protein; these phage can be distinguished from nonrecombinant phage by their inability to produce blue plaques on a lacZ-host on X-Gal plates. The vector can accommodate up to 8.3 kilobases (kb) of insert DNA, assuming a maximum packageable phage DNA length of52 kb. Agtll cDNA libraries containing 105-107 recombinant phage (in which recombinants account for 4-30% of total phage) have been constructed using 1 ,ug of polyadenylylated RNA isolated from Saccharomyces cerevisiae strain X2180 (unpublished data), Caenorhabditis elegans strain CB1490, and rat preputial gland and human placenta (B. Meyer, T. Chappell, and D. Pauza, personal communication) using procedures described in ref. 17 .
The ability to form lysogens from the A c1857 S100 expression vector can be exploited to maximize the yield of protein synthesized from transcripts of the foreign DNA. The phage vector produces a temperature-sensitive repressor (cd857), inactive at 420C, and contains an amber mutation (S100) that renders it lysis defective (18, 19) ; consequently, lysogens can be induced by temperature shift to accumulate large quantities of phage products in the absence of lysis. To obtain efficient lysogeny, strains containing the high-frequency-lysogeny mutation hflA15O (20, 21) have been used. Essentially every hflA mutant cell is lysogenized when infected with A at 320C, yet cI857 prophage in- Fig. 1 ), the foreign DNA insertion could be engineered to obtain a continuous (or noncontinuous) coding frame from (3-galactosidase into a-amylase or ovalbumin. The origin of the DNA used in these recombinants and the portion of eukaryotic protein they encode are given in Table 2 .
Detection of Eukaryotic Antigens. Relative levels of antigen were examined from induced lysogens containing Agtll recombinant phage whose inserts vary in orientation and fusion frame. Purified IgG was used to detect antigen produced by 2 X 106 lysogenized cells in 4-mm dots on nitrocellulose filters. The results are shown in Fig. 2 . Good signals were obtained with both a-amylase and ovalbumin IgG. All lysogens containing inserts in the proper transcriptional orientation (aP3, T81, T104, and P82) produce detectable antigen; in contrast, aP2 and T83, which have DNA inserts in the opposite orientation, yield signals comparable with those in control spots. T104, containing an out-offrame ovalbumin cDNA insert, produced approximately oneeighth the signal obtained with the lysogen containing the fused polypeptide, T81 (see Discussion). This experiment indicates that antigenic detection is dependent on proper orientation of the insert DNA with respect to the P3-galactosidase transcription unit and that the relative signal strength is greatest when the reading frames of lacZ and insert DNA coincide. Production of Fusion Polypeptides. The amount of hybrid protein that accumulates in BNN91 cells containing the Agtll recombinants aP3, T81, and P82 was investigated by subjecting lysates of three lysogens to NaDodSO4/polyacrylamide gel electrophoresis. Bands exhibiting the mobilities predicted for the hybrid proteins were observed when the gels were stained with silver (26) but not when they were stained with the less sensitive Coomassie brilliant blue, suggesting that very small amounts of the novel proteins accumulate. To improve the yield of these proteins, the recombinant phage were lysogenized in the lonA mutant strain BNN103. Since lon mutants increase the stability of /3-galactosidase peptide fragments (12, 27) , BNN 103 lysogens might be expected to accumulate larger quantities of the unstable /3galactosidase hybrids. Indeed, we found that BNN103 lysogen lysates contain proteins of the predicted size for both a-amylase (aP3) and ovalbumin (P82) hybrids (Fig. 4) . Similar results were obtained using another lon mutant, BNN95. These proteins have not yet been purified to confirm their identity as fusion polypeptides absolutely. The predicted fusion protein produced by the T81 recombinant phage, with a molecular weight of 153,000, could not be resolved from the RNA polymerase ,B subunit.
To determine whether the enhanced yield of the presumptive full-length fusion polypeptide in lon mutants increases the level of detectable antign, 4-mm dots of BNN91 and BNN103 lysogens of aP3 (4 x 105 cells per dot) were probed. The BNN103 lonA lysogen generated about 3 times as much signal as the BNN91 lysogen, indicating that BNN103 may be useful for en- hancing signal/noise ratios in high-cell-density screening of lysogen libraries.
DISCUSSION
High-Density-Lysogen Screening. AgtlI is a general recombinant DNA expression vector capable of producing polypeptides specified by inserted DNA. Antibodies can be used to detect reproducibly the antigen produced in single colonies of induced Agtll lysogens when up to 106 lysogen colonies are examined on an 82-mm nitrocellulose filter.
Proper expression of foreign DNA in Agtll recombinant lysogens will depend on the orientation and reading frame of the insert DNA with respect to those of lacZ. Thus, one-sixth of the Agt1l recombinants containing a specific cDNA will produce 13-galactosidase fused to the protein of interest. cDNA quality will further affect the ability to detect antigen produced by the recombinant; nearly full-length cDNAs specify more potential antigenic determinants than shorter cDNAs made against the same mRNA.
Antibody quality plays an important role in a successful screen. The a-amylase and ovalbumin IgG used here produced good signal/noise ratios without additional purification. However, antibodies directed against coliform proteins are found in many preparations and must be removed from the specific probe. In fact, the specific signal obtained with ovalbumin IgG could be improved by prior incubation with a Agtll lysogen (BNN97) lysate bound to nitrocellulose and others have successfully used column-bound lysates with similar results (6) . The best specific reaction with antigens produced by Agtll recombinants should be obtained with affinity-purified antibodies. Affinity-purified anti-K light chain immunoglobulin antibody has been used successfully to detect K-producing AgtlI Isolation of Unknown Native Proteins. Agtl1 can facilitate the identification and isolation of proteins that are specified by previously cloned DNA. The hybrid protein produced by cells containing the recombinant DNA can be purified and used to obtain antibodies. Antibodies produced against these proteins should include activity against the eukaryotic portion of the protein fusion; this antibody could be used as a tool to locate the native protein and to isolate it from the organism of interest. Synthetic polypeptide antigens have been used to produce antibodies for similar purposes (29) . One advantage of the approach described here is that it circumvents the DNA sequence information required to produce synthetic polypeptides.
The hybrid proteins examined here accumulate in lon mutant strains to amounts amenable to purification. For example, a BNN103 lysogen of aP3 contains -1 fg of a-amylase hybrid protein (-0.5% of total protein), as estimated by comparison with known amounts of f3-galactosidase on NaDodSO4/polyacrylamide gels. Thus,> 1 mg of this protein could be obtained from 1012 cells or about 2 liters of induced culture. The hybrid protein can be purified by standard techniques, taking advantage of its size (using, for example, ammonium sulfate fractionation and, gel filtration) and the charge properties of its a-galactosidase moiety (binds DEAE tightly) (13, 16) . Alternatively, fusion proteins can be purified directly by preparative polyacrylamide gel electrophoresis.
